Bamboo is one of the significant biomass resources; it has been used in houses, flooring, construction of scaffolding and bridges, among others. The solvent liquefaction process is one of the promising techniques for effective utilization of waste bamboo materials for the lignocelluloses which can be converted to liquid reactive materials as biomass-based materials. Bamboo has the advantage of providing the liquefied products with a small range of variances. The components of bamboo have high acidity in the presence of mineral acid catalysts and possess the constituents which can react with polyethylene glycol 400 (PEG 400). In this study, waste bamboo materials have been used in liquefaction experiments. The liquefaction process and liquefied residue have been monitored according to the liquefied conditions and surface changes of waste bamboo samples observed by a scanning electron microscope. The changes in the functional groups have been analysed by a Fourier transform infrared spectrometer and behavior of the crystalline structures of liquefied bamboo has been determined by X-ray diffraction. Other experiments, such as degree of polymerization have also been carried out for confirming the results. Regarding the results, it was found that an increment of the temperature and the amount of the acid catalysts improved the efficiency of liquefaction. At the same time, the dissolution time of lignin was significantly shorter than the one of cellulose in the solvent liquefaction process of PEG 400.
Introduction
Bamboo, as a significant biomass resource, has been used in many fields of biomass utilization. It is also extensively used to make furniture, food steamers, chopsticks, paper pulp. Many kinds of bamboo grow naturally in tropical, subtropical, and temperate regions around the world. Bamboo is fast-growing, economic and of high cultural significance in East Asia and South-Eastern Asia. The solvent liquefaction process is one of the promising techniques for effective utilization of bamboo for the lignocelluloses can be converted to liquid reactive materials as biomass-based materials. Liquefaction technology, as one of the effective methods of using the lignocellulosic biomass, was mentioned for preparation biomass-based materials. In early studies of organic solvents liquefaction, Lin et al. [1] had also attempted to explain the reaction liquefaction mechanism of cellulose with phenol solvent under the acid-catalyzed conditions. It was found that the yield of various compounds products was dependent on the reaction conditions. Therefore, it may control the structure and properties of liquefied products in the later stage of liquefaction by controlling these reaction conditions or time. As target products, biomass-base polyurethane films and Novolak phenol foam resins were prepared, their structures and properties were discussed [2, 3] . The research of bamboo liquefaction in this area is still relatively small. Moreover, it is known that bamboo fiber has high strength, low elongation, and high crystalline. And the high crystallinity leads the solvent liquefaction to develop slowly and inefficiently. A longer time is needed to liquefy higher crystalline index biomass such as bamboo materials [4] . Therefore, it is necessary to understand the change of waste bamboo materials in the liquefaction process in order to promote the liquefaction process and efficiency. Nevertheless, the mechanism of forming condensed residues still needs be clarified [5] and is still driving the research to overcome the problems arising from drawbacks in the physical and mechanical properties of resin products from liquefied biomass [6] .
In this study, waste bamboo materials were used in liquefaction experiments. The liquefaction process and liquefied residue measured according to the conditions and surface change of waste bamboo materials have been observed by a scanning electron microscope (SEM). The changes in the functional groups were analyzed by a Fourier transform infrared (FT-IR) spectrometer and influences on the crystalline structures of liquefied bamboo were determined by the X-ray diffraction (XRD).
Materials and methods

Materials
Waste bamboo materials such as used bamboo chopsticks had been collected from the waste treatment and recycle factories of Japan. Experimental samples of cellulose (CAS No: 9004-34-6 MP Blomedicais, LLC, Co, Ltd., Japan) and lignin (Alkaline, CAS No: 9005-53-2 TCI. Co, Ltd., Japan) were used as the simulated bamboo material. Oven-dried waste bamboo powder, milled in smashing equipment and retained at the size ranges below 0.5 mm, was used as sample in experiments. All the samples of waste bamboo powder were dried in an oven at 105C for 24 hours. The main different acidic catalysts such as sulfuric acid (95 wt.%), PEG 400 and other reagents were prepared with the analytical grade reagents made by Wako Pure Chemicals, Co. Ltd., Japan in accordance with the Japanese Industrial Standard (JIS).
Chemical composition of waste bamboo materials
In the proximate and ultimate analysis, the analysis of ash content of the residue left after the combustion of bamboo sample was performed according to the industrial standard method (JIS-M8812). 14.4 wt.% of moisture content in bamboo sample was determined by measuring the weight loss after drying the sample at 105C. 3.8 wt.% of ash was measured by heating the bamboo powder to 900C under carefully controlled conditions. 29.6 wt.% of 1% NaOH soluble composition and 11.9 wt.% of methanol-benzene soluble was determined in this study. As components of bamboo, 68.9 wt.% of holocellulose and 18.9 wt.% of lignin were present.
Liquefaction experimental method
The samples of waste bamboo powder were used in liquefaction experiment and the weight charge ratio of bamboo and PEG 400 was 1/4 and the reaction temperatures were 120C and 150C by oil bath. The raw materials put into a 500 ml three necked flask equipped with a stirrer. Reactants were treated with methanol as the diluents. The different amount of catalyst from 3 wt.% to 10 wt.% was added to the reactant as the reaction start time, and added the methanol into liquefied products as the stop of reaction time.
Measurement of liquefaction residue
The liquefied bamboo samples were weighted and diluted with methanol, and Whatman filter papers (No. 40) were used to collect the liquefied residue. The liquefied residue was dried by heating in an oven at 105C in 12 hours and calculated using the equation Liquefied ratio (wt.%) = (Solvent-insoluble residue／Raw material)×100 (1) where the solvent-insoluble residue is the weight of liquefied residue through filtration which is diluted by methanol from liquefied products, and the raw material is the weight of the reactants.
Determination of the degree of polymerization
About 0.04 g liquefied bamboo at different experiment conditions were dissolved in 10 ml cupriethylenediamine hydroxide solution. Then, the intrinsic viscosity of the solution was measured three times by a handmade Ubbelodhe viscometer, and the degree of polymerization (DP) was calculated according to the flow time. All the measurement experiments were more than 3 times for each average value.
Fourier transform infrared spectrometer analysis
Several liquefied bamboo samples were analyzed using a Fourier transform infrared (FT-IR) spectrometer (FT-IR-6100 Jasco, Co. Ltd., Japan). The ratio of liquefied bamboo samples and spectroscopic grade KBr was 1:100; the time of mixing sample was more than one hour for full mixed. All of the infrared spectra were recorded in absorbance units in the 4000-400 cm -1 range.
Scanning electron microscope analysis
The surface changes of native and liquefied bamboo was observed by Hitachi (SEM, Model S-2400, Hitachi Co. Ltd., Japan) scanning electron microscopes (SEM) at an acceleration voltage of 15 kV.
X-ray diffraction analysis
Crystalline structures of bamboo and liquefied bamboo were analyzed by Ultima III X-Ray Diffractometer (Rigaku Co. Ltd., Japan). Ni-filtered Cu Kα radiation (λ = 0.1542 nm) generated at a voltage of 40 kV and a current of 40 mA was used. Intensities in the range from 10° to 40° with 4°/min scan speed was set of total X-ray diffraction (XRD) analysis experiment. The crystallite height 200 (h200) and amorphous height (h am ) was used to calculate the crystalline index (CI) from the equation
3 Results and discussion
Residues results in different experimental conditions
The amount of liquefied residue (LR) was a signification index to evaluate the performance of liquefied bamboo in solvent liquefaction. Two variables were used in the experiment. One was different amount of sulfuric acid, another was different reaction temperature. Two response variables had impact on the liquefaction results. Figure 1 shows the liquefaction rate of bamboo related to different amount of sulfuric acid within 90 min at 120C. A greater quantity of sulfuric acid was added to reactant, but no fewer residues have been obtained. On the contrary, the residues increased from 30 min. The cellulose gradually converted to levulinic acid derivatives, following the conversion of lignin into solvent-soluble compounds in the early stage of bamboo liquefaction. Then, the mixture of levulinic acid derivatives and aromatic compounds reacted and converted to the solvent-soluble residue. The result indicated that the insoluble residue was formed when cellulose and lignin coexisted [7] . A condensation reaction had occurred during the liquefaction process if the experimental conditions, such as solvent/cellulose addition ratio, were changed [8] . When 5 wt.% sulfuric acid of solvent was added into the experiment, more residues were obtained; this also indicated that the insoluble residue was contained in the liquefied products. This problem will affect the mechanical properties of resin products from liquefied biomass [6] . Figure 2 shows the liquefaction rate of bamboo with different reaction temperature within 90 min and 5 wt.% of catalysis. It was found that fewer residues were obtained at higher temperature and the yield of various compounds products was dependent on the reaction conditions. Therefore, it may be possible to control the structure and properties of liquefied products in the latter stage of liquefaction by controlling reaction time and temperature [1] . However, the condensation reaction had occurred in the high-temperature reaction. Therefore, bamboo liquefaction, application of lower temperature and less amount of additional acid were suggested for preventing the condensation reaction.
FT-IR analysis
In order to understand the functional groups change in bamboo, liquefied bamboo had been observed by a FT-IR spectrometer. The major functional groups of liquefied products are listed in table 1. Comparing the peak of bamboo with that of its 5 min liquefied residues, a similar peak could be observed. The result indicated that there was still much lignin present in the untreated residues. The FT-IR spectrometer of cellulose as model substance is also shown in fig. 3 . The peak was similar with the peak of bamboo 30 min residues. This result indicated that less lignin was contained in residues and proved that acid decomposition lignin was faster than cellulose decomposition. For detailed information, the absorption band from 3500 cm were assigned as C=O bending which is attributable to acetyl group or carboxyl group. The band at 1716 cm -1 was assigned as C=O which is attributable to carboxyl group stretching conjugated carbonyl group. Two obvious peaks at 1600 cm Due to the condensation reaction, the sample was not observed after 30 min.
X-ray diffraction analysis
X-ray diffraction gives direct results and useful information to explain the structure change of waste bamboo materials and liquefied bamboo. Generally, macro-and micro-structure especially the degree of crystallinity were changed drastically by changing the conditions of liquefaction. In this study, obvious structural changes were found ( fig. 5 ). The apparent crystallinity increased at the beginning of liquefaction. But after 5 min, the apparent crystallinity decreased with the liquefaction time. Such results are not in line with general understanding. Therefore, a model substance was used to explain this phenomenon. Cellulose, lignin and a mixture of cellulose: lignin (2:1) were measured by XRD. It was found that the mixture of cellulose and lignin (2:1) has the lower apparent crystallinity ( fig. 6 ). This result did not mean that the apparent crystallinity of cellulose decreased because no reaction had taken place during mixture. One reason which can explain the phenomenon is that lignin dispersed x-ray diffraction. The misunderstood result showed the false appearance that the apparent crystallinity had decreased. Therefore, waste bamboo material contains 18.9% lignin before liquefaction. After liquefied, the acid decomposition of lignin was faster than cellulose decomposition [13] . In other words, the peak of LRs 5 min was large because the content of cellulose was increased. Then, the intensity peak of 30 min became weaker. This result indicated that cellulose had been liquefied and the crystalline structure had been broken. Meanwhile, the long chain became short; the degree of polymerization also became low.
The change of apparent crystallinity related to different reaction temperature within 30 min is illustrated in fig. 7 . More apparent crystallinity occured at a higher temperature of the liquefaction process. This result suggested that temperature was a significant factor to promote the decomposition of lignin. However, it did not play a significant role in the decomposition of cellulose. If this result is compared with the different amount of acid catalyst, a greater amount of acid catalyst promotes the decomposition of cellulose and also contributes to acid decomposition reaction [14] .
Conclusion
Waste bamboo materials were used in this liquefaction experiment. The liquefaction process and liquefied residual were measured according to the conditions and morphological surface observed by a SEM. The change in the functional groups was analyzed by a FT-IR spectrometer and the effect on the crystalline structures of liquefied bamboo was determined by XRD. Regarding the condensation reaction, this had occurred in the high-temperature reaction.
Lower temperature and less addition of the amount of acid was suggested for preventing the condensation reaction of bamboo liquefaction. The SEM image of the bamboo liquefaction process was presented for the first time. The liquefied cellulose particles did not dissolve uniformly as is apparent from the image. This randomness resulted in irregular speed of liquefied bamboo. According to the result of XRD, it could be concluded that temperature was a significant factor to promote the decomposition of lignin and a greater amount of acid catalyst promoted the decomposition of cellulose. The result of FT-IR proved that acid decomposition of lignin was faster than cellulose decomposition. All the above results suggest that waste bamboo materials can be used for liquefaction but it is necessary to consider the energy efficiency for its high crystalline index leads to a long liquefaction time.
